B. Oxidation Chemistry
The process uses solutions of the peroxydisulfate ion (typically sodium or ammonium salts) to completely mineralize the organics to carbon dioxide and water. The net waste treatment reaction is (Eq. 1):
S 2 O 8 2-+ {organics} ⇒ 2HSO 4 -+ {CO 2 , H 2 O, inorganic residues} (1) Peroxydisulfate is one of the strongest chemical oxidants known (oxidation potential is +2.05V), and is exceeded in oxidative power only by fluorine, ozone, and oxyfluorides. The oxidation potential of peroxydisulfate is high enough to oxidize nearly any organic substance. [16] [17] While many oxidants exhibit a redox potential capable of broad-spectrum organic oxidation, peroxydisulfate uniquely combines a high oxidation potential with a rapid, nucleophilic charge-transfer capability. Oxidation occurs principally through the formation of the sulfate radical anion •, following mild thermal (70-100 o C) or UV activation of peroxydisulfate solutions [18] [19] [20] [21] [22] [23] [24] :
Alternatively, this radical-generation process may be accelerated at near ambient temperatures o C) through the use of a catalyst such as metallic platinum, or with dissolved silver, iron, or copper ion catalysts. [see Section III of this report]
The subsequent reaction of the sulfate free radial with the organic and with water results in a cascade of active oxidants including organic free radical fragments and hydroxyl free radicals. The decomposition of peroxydisulfate produces a number of intermediate oxidizers including peroxymonosulfate (a strong industrial bleach), hydrogen peroxide, and nascent oxygen.
The oxidant ammonium or sodium peroxydisulfate is sufficiently stable at or slightly below room temperature to be stored almost indefinitely as a solid or a wet slurry for months. This being the case, the process of waste destruction can be decoupled in time and place from the generation of the peroxydisulfate oxidant. The oxidant becomes reactive only at elevated temperatures or through contact with the catalysts described above. This allows the oxidant to be slowly produced and stockpiled for use in intermittent waste treatment campaigns of short duration.
The exact composition of the offgas stream will depend on the particular waste stream being processed, but several general predictions can be made. Common to all organic waste streams will be carbon dioxide; oxygen will also be produced from the direct oxidation of water by peroxydisulfate (occurring at a slower rate than oxidation of organics). Chlorine will be present in the offgas if chloro-organics are treated in an acidic DCO system. Alternatively, the use of DCO in a basic solution avoids the formation of chlorine, as the chlorine released from the destruction of the organic remains as chloride ion in solution. [20, 21] If the oxidant is recycled by electrolysis, then oxygen, ozone, and possibly chlorine (if chloride ion is present) will be added to the offgas stream at the anode of the regeneration cell.
C. Expended Oxidant
The expended oxidant may be electrolytically regenerated to minimize secondary waste. The ammonium (or sodium) hydrogen sulfate produced as a byproduct of the organic waste oxidation process is relatively non-hazardous, and may be encapsulated in a subsequent inorganic treatment step, or recycled in a flowing electrolyte cell. If recycled, an industrial cell is used which employs a platinum or glassy carbon anode, an inert graphite cathode, and a porous ceramic separator to prevent cathodic reduction of the product. The anodic reaction is (Eq. 
while the cathodic half reaction is the reduction of water to form hydrogen gas. [26] [27] [28] For such cells, this gas is best immediately oxidized to water (in a catalyzed bed), and the water internally recycled. Commercial catalysts are available and used for this purpose. In specialized applications where the production of hydrogen gas is not desirable (such as in a confined space), the cathodic reaction can be replaced with oxygen reduction using a porous gas diffusion electrode. This modification also reduces the cell voltage by 1 volt (about 20%).
D. Organics Destruction Throughput and Cost Estimates
Based on our measured as well as literature-tabulated rate constants, the destruction of organic material is nearly independent of the particular compound. [4, 18, 22, 23] Within a factor of two, the oxidation proceeds at a rate of ~ 200 kg carbon content/m 3 /day, where m 3 is the volume of the chemical oxidation reactor. [4] See Table I . This throughput figure takes into consideration the fall-off in oxidant concentration as the organic material is oxidized in the reactor. In addition, a wealth of kinetic data has been collected by this group (4, (13) (14) (15) and other researchers (18) (19) (20) (21) (22) (23) (24) on the kinetics of oxidation of numerous organic and inorganic substrates. Integral rate constants for mineralization of organics were clustered about k a = 0.01 min -1 , and falling within a factor of two of this value, for such diverse substances as oxalic acid, nitromethane, Na-salicylate, formic acid, triethylamine, dimethylsulfoxide, EDTA, 2,2-thiodiethanol, sucrose, acetic acid, formamide, 1,4-dioxane, 4-chloropyridine HCl, and sodium lauryl sulfate. The NIST database provides an excellent summary of reaction rates of peroxydisulfate with over 300 selected organic and inorganic materials. [22] 
E. Transition Metal Catalysts
Available literature data includes the catalysis of peroxydisulfate oxidation of organics by a number of transition metal catalysts. [18] [19] [20] [29] [30] [31] [32] [33] [34] These catalyst include the ions of Cu [29] [30] [31] 34] , Ag [18] [19] [20] [32] [33] [34] and Fe [34] . In addition, a number of organic substrates were studied, including alcohols, aldehydes, and ethers. In general, the catalysts act to accelerate the decomposition of peroxydisulfate into the sulfate free radical anion (Eq. 2 above) which leads to a higher rate of organic oxidation by this aggressive oxidant.
In general, a generalized rate equation applicable to all combinations of catalyst, organic substrate, and oxidant concentrations is not available. In addition, the actual mechanism is often dependent on the particular catalyst, making a universal statement about transition metal catalysis impossible. For example, Fe(III) appears to accelerate some reactions while inhibiting others. However, it was noted that the rate equation for the reduction of peroxydisulfate (Eq. 1 above) follows the general form (Eq. 4):
where x is some value between 1/2 and 3/2 and y is some value between 0 and 3/2. Note that this rate equation is independent of the organic concentration, i.e., the rate of organic oxidation is limited only by the rate of the formation of the sulfate free radical anion (assuming no mass transport limitations).
II. PLANNED SCOPE OF WORK
The work originally proposed for FY1998 (October 1997 -January 1998, $100K) was divided into two subtasks:
(1). Reaction Rate Data (October -December, 1997 $70K).
(a) Certain transition metal ions (Fe, Cu, Ni, Ag, etc.) are known to accelerate the oxidation of organics by the peroxydisulfate ion by catalyzing its decomposition into one or two sulfate radical anions. Using diverse organic compounds as surrogate wastes, we will measure the integral rates of oxidation with and without catalysis. Six generic wastes will be examined on the 2L reaction vessel level. For each waste, rates will be measured at 90 o C without catalysis and with 10, 30 and 100 ppm levels of catalysts. This will provide both an option for treating refractory organics at moderate temperatures as well as knowledge of maximum rates at higher temperatures for wastes naturally containing these catalysts.
(b) We will use the pilot scale facility to obtain time-resolved reaction data for oxidation of chlorinated materials without hydrolysis. This will provide a predictive capability for treating wastes with lower levels of hydrocarbons than those warranting the hydrolysis pretreatment. This task can be substituted for another experimental plan at the discretion of MWFA management. Results will be reported as an appendix to the FY1997 project.
(2). Support of Commercialization Effort (October 1997 -January, 1998; $30K).
We have initiated collaborative efforts with Perma-Fix Environmental Services, Inc. (Atlanta, GA) to jointly develop the DCO process as an adjunct to their current waste treatment technology. PermaFix, Inc. is a $30M/yr waste treatment company with about 10 facilities located across the United States. The company is dedicated to the treatment of mixed and hazardous wastes using the Permafix Process, which is a chemical/physical method for immobilizing inorganic waste components to meet waste leachability regulations. This process has been demonstrated on over 300,000 drums of hazardous waste material to date. We have met with PermaFix on three separate occasions to date, and it is believed that the described technology from LLNL fits well within the needs and scope of PermaFix' market plan. Both parties are currently exploring means with which to transfer this technology and demonstrate it on waste streams under consideration by PermaFix. Through modeling and point experimental efforts, we will speed the transfer of this technology, and this work will involve a proprietary approach to the treatment of undifferentiated wastes in an inert matrix such as soils, gravel, sand or clay.
Milestone: Issue final report addendum to FY1997 report: February 28, 1998 In addition, due to administrative issues, some of the work originally scheduled for FY97 was not completed until the end of October 1997. This work included a testing of the integrated bench scale system developed as part of scheduled FY97 work on chlorosolvent destruction in a surrogate sludge matrix. Carryover funds from FY97 were used to complete this work in October of FY98. The results of this work are reported in the FY97 DCO Final Report. [35] 
III. CATALYST WORK
Previous work on the effect of transition metal catalysts on the rate of oxidation of organic substrates by peroxydisulfate [18] [19] [20] [29] [30] [31] [32] [33] [34] focused primarily on the decomposition of the peroxydisulfate, and not on the mineralization of the organic. For the work detailed in this report, it was felt that a more realistic approach with regard to waste treatment by DCO was to measure the overall Destruction and Removal Efficiencies (DRE's) on a matrix of catalysts, temperatures, and organic substrates. In addition, most of the work was focused on o C as this regime is closer to temperatures likely to be encountered when using DCO to treat waste under close to ambient conditions. No additional oxidant was added in most cases, except as noted, in order to more closely simulate a "one-pass" treatment approach.
Experiments were conducted at the laboratory scale (1.0 liter reactor), using acidified (0.1 M H 2 SO 4 ) solutions of 1.0 M (NH 4 ) 2 S 2 O 8 . Catalyst ions were added in the form of the sulfate salts of the appropriate transition metal, except in the case of Ag which was by addition of the nitrate salt. Solutions were put into lightly stoppered 250 ml glass flasks immersed in a water bath at the appropriate temperature. Four organic substrates were tested: ethylene glycol (Tables II-V) (Tables VI, VII) , tributyl phosphate (Table VIII) , and the hydrolysis product of 1,1,1-trichloroethane (Table IX) . [35] Initial organic loading was between 500 and 6000 ppm total carbon, and the catalyst concentrations were varied between 1 and 1000 ppm (with the exception of additional Fe tests at 5900 ppm). Additional oxidant was added after each period as noted. DRE's were measured by Total Carbon (TC) analysis on the solution.
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A. Ethylene Glycol Results for ethylene glycol are shown in Tables II-V, 
C. Tributyl Phosphate
Note: Tributyl phosphate is only partially soluble in water, and results with this organic substrate gave inconsistent results. The initial conditions of the experiments were such that the added level of organic was 1700 ppm as carbon, but TOC results on this initial solution gave results of 200-300 ppm as carbon. Indeed, a second phase was observed on the walls of the reaction flasks. Although the results are presented below in Table VIII for tributyl phosphate, these data are judged to be invalid for the above reason. 
E. Decomposition of Peroxydisulfate
In order to assess the effect of several transition metal ions on the DCO system at normal operating temperatures, the reduction of peroxydisulfate and the mineralization of the organic were studied at 80 o C. Measurements were made of both the instantaneous concentration of peroxydisulfate (by titration) and the conversion of organic to carbon dioxide (by on-line IR gas analysis). Ethylene glycol and the hydrolysis output of chlorosolvent hydrolysis were used as substrates; several typical transition metals were tested with each.
Ethylene Glycol Figure 7 shows the decrease in peroxydisulfate concentration as a function of time during the oxidation of ethylene glycol (1400 ppm loading). Initial [S 2 O 8
2-] is 1.0 M, in 0.1 M H 2 SO 4 . Each of the catalysts systems, except for 100 ppm Fe(II), showed some catalytic activity for the decomposition of peroxydisulfate, with the silver system being the most pronounced. Figure 8 shows the output of carbon dioxide obtained during each of seven runs, with and without the catalysts as noted, during the oxidation of ethylene glycol at 80 o C. The expected output based on the amount of ethylene glycol initially added was 420±20 ml CO 2 . All of the results fall within this range, but the silver system is noticeably different, both in terms of a higher CO 2 output as well as a much steeper rise. Although the latter result is expected due to the catalytic activity, a reason for the former observation is not known. Figure 10 shows the output of carbon dioxide obtained during each of seven runs, with and without the catalysts as noted, during the oxidation of hydrolysis product at 80 o C. Insufficient oxidant was intentionally added to completely oxidize the organic to carbon dioxide. The expected output based on the amount of ethylene glycol initially added was 420±20 ml CO 2 . All of the results fall within this range except for the cobalt and silver systems (the results were repeatable), but no explanation is available for this latter behavior. 
F. Conclusions of Catalyst Tests
All of the transition metals studied exhibited some effect on the rate of oxidation of the organic substrates by peroxydisulfate, although the magnitudes varied greatly. This is not surprising, as peroxydisulfate has a sufficient oxidation potential to oxidize all of the transition metals to their highest valent state, and the participation of these higher valence states in organic oxidations is well-known (36) (37) (38) (39) . It was generally the case that the transition metals which exhibited the most facile organic oxidation capability (Ag(II), Co(III), Fe(III)) also exhibited the most pronounced catalytic effect in these studies. Note that this order of catalytic effectiveness is surprisingly similar to the results obtained on Mediated Electrochemical Systems as described in references [36] [37] [38] [39] . Although an all-encompassing maxim for the rate enhancements obtained with a specific catalyst is not possible, a general rule of thumb is that the effectiveness of the catalysts followed the general order Ag>>Co>Cu,Fe>Pt. Individual results varied depending on the temperature regime, the organic substrate, and the matrix. This has been noted before in the literature. [18] [19] [20] [29] [30] [31] [32] [33] [34] The above results lead to the conclusion that catalysis of organic destruction by peroxydisulfate is merely due to the formation of another, favorably solvated transition metal cation with a high oxidation potential.
Complete destruction of the organics tested was achievable with silver as a catalyst, even at 20 o C in a relatively short time, and cobalt, iron or copper showed some enhancement although a much longer time was required. This result is backed by previous literature studies at discussed above. However, it was also noted in this current study that different organic substrates exhibited different behavior with respect to catalysis.
In all the cases studied, the enhancement of the organic destruction rate was a function of the catalyst concentration, and this is reflected in the literature as well (Eq. 4). Thus, higher rates of organic destruction can be achieved with higher catalyst concentrations. Due to the copious data available in the literature, a systematic reinvestigation of the order of the catalyst concentration on the rate equation was not attempted.
Although rate equations such as that shown in Eq. 4 would predict that destruction of organics might be faster with higher oxidant concentrations, the present work was not sufficiently detailed to either bolster or refute this statement. Additional oxidant made only a slight difference in DRE's, at least at close to ambient conditions. However, with higher organic loadings it may be necessary to periodically replenish the oxidant in waste treatment systems. See also the following section regarding oxidant concentration.
During catalyzed oxidations, there is an incubation period during which the carbon content of the solutions is unchanged from the initial value. This is presumably reflective of the fact that oxidation is occurring, but has not proceeded to the stage of evolving carbon dioxide from the solution and thus the carbon content of the solution remains unchanged from the original value. This incubation period was not noticed with silver, as oxidations with this catalyst proceeded much faster than the sampling timescales at the temperatures tested.
In waste systems containing chloride ion, or containing organic chlorine, silver ion is ineffective as a catalyst. AgCl, being highly insoluble, immediately precipitates thus removing the active catalyst. Along these same lines, silver will be ineffective as a catalyst in systems where the pH is sufficiently high to result in the precipitation of silver hydroxide. In fact, this latter characteristic would presumably be extendable to all potential transition metal catalysts in systems at high pH.
G. Decomposition of Peroxydisulfate
As shown in Figures 7 and 9 , the concentration of peroxydisulfate decreases rapidly at 80 o C due to its reduction by organic and, to a lesser extent, water. All of added transition metals tested had some effect (with the exception of low concentrations of iron), and this effect was towards an acceleration of the peroxydisulfate decomposition rate. In the case of ethylene glycol as the added organic substrate (Figure 7) , silver ion showed the highest perturbation, which is expected based on the fact that silver showed the highest catalytic effect in the destruction tests. The effect of silver was not nearly as pronounced in tests where chloride ion was present ( Figure 9 ). Based on results obtained with and without catalysts at 80 o C, peroxydisulfate does not appear to be a very aggressive oxidant at concentrations of less than about 0.3M. Catalysts did not change this cutoff value appreciably. Thus, any DCO waste treatment system would have to keep the oxidant concentration greater than 0.5M for optimal efficiency.
During the experiments, it was noted that additional heat outputs were obtained at 80 o C with the catalysts, and the amount of extra heat correlated well with the acceleration in peroxydisulfate decomposition/organic destruction (Figures 7-10 ). As noted in the organic destruction tests detailed in the previous section, silver exhibited the most pronounced effect. As the oxidative destruction of organics is exothermic, any organic waste treatment system using peroxydisulfate must take into account the extra heat output encountered when transition metal ions (especially silver) are present.
It was noted that, when treating chlorinated organics, catalysts also affected the production of chlorine gas. However, this effect followed no logical pattern; in some cases the chlorine production (observed by watching the reactor offgas trap color) was immediate and quantitative and in other cases it was minimal.
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IV. TECHNOLOGY TRANSFER

A. Overview
Lawrence Livermore National Laboratory has a several year commitment in the development of Direct Chemical Oxidation (DCO) for the treatment of the organic components of mixed and hazardous wastes. This technology has been developed to the point of limited pilot plant demonstrations at LLNL, and is now mature enough to test on expanded waste markets and ultimately commercialized.
Perma-Fix Environmental Services, Inc. is a $30M/yr. small business waste treatment company with about 10 facilities located across the United States. The company is dedicated to the treatment of mixed and hazardous wastes using the Perma-Fix Process, which is a chemical/physical method for immobilizing inorganic waste components to meet waste leachability and disposal regulations. This process has been demonstrated on over 300,000 drums of waste material to date. Currently, the material resulting from the Perma-Fix Process treatment of mixed wastes is subject to both RCRA and AEA/DOE regulatory controls, and must be disposed of accordingly. These regulatory restrictions add both cost and complexity to final disposal. An organic treatment technology such as DCO would render the final waste form as produced by Perma-Fix as non-hazardous, thus greatly enhancing Perma-Fix' marketability and economics.
Representatives of LLNL and Perma-Fix have initiated discussions towards the commercialization of the combination of DCO and the existing Perma-Fix Process, and it is believed that the described technology from LLNL fits well within the needs and scope of PermaFix' market plan. Both parties are currently exploring means with which to transfer the DCO technology and demonstrate it on mixed waste streams under consideration by Perma-Fix, or on mixed waste streams of interest to the DOE. Negotiations have been initiated for the implementation of a Cooperative Research and Development Agreement (CRADA) while both parties continue technical development work.
Although the incorporation of the DCO oxidative treatment technology by Perma-Fix could possibly be accomplished without involvement by LLNL, this path would require a considerable increase in the length of time to market, in the development cost, and in the potential for engineering errors. Because of the expertise that LLNL has acquired over the past three years of involvement with DCO (total DoE commitment to date is approximately $1.2 million), Perma-Fix realized that all of the above development issues could be eliminated or at least minimized through collaboration with LLNL. Although Perma-Fix possessed the required regulatory and permitting experience to deal with the proposed mixed waste market, it lacked the "hands-on" experience of organic waste treatment. It was felt that the best approach was to build upon the expertise possessed by LLNL, and to complement the engineering capabilities of Perma-Fix with LLNL's prior data and experience.
B. Perma-Fix Process/Treatment of Inorganic Residue
Perma-Fix Environmental Services, Inc. is a small business in the area of waste treatment with its primary facility located in Gainesville, FL. Its primary focus is the treatment of hazardous or mixed wastes using The Perma-Fix Process, which is a solidification/stabilization method for inorganics. Perma-Fix has processed more than one million ft 3 of mixed waste to date from all fifty states within the U.S., and customers include the government, industrial, medical and academic sectors. The company has all of the necessary permits and licensing to treat hazardous and mixed wastes, and is familiar with the regulatory issues associated with the introduction of new technologies. Perma-Fix has developed a unique on-site treatment process that utilizes chemical treatment and solidification technology to transform inorganic containing hazardous wastes into nonhazardous materials. Wastes are converted into a chemically stable form through the use of chemical reactions that result in inherently more stable compounds that no longer represent an existing or potential threat to human health or the environment. In addition, non-hazardous liquids and sludges can also be treated to improve handling characteristics and to meet strict landfill disposal criteria. The EPA has determined that stabilization, which is the basis for the Perma-Fix Process, is the "Best Demonstrated Available Technology" for the pre-treatment and treatment of many listed and characteristic hazardous wastes. The Perma-Fix Process minimizes long term liability under RCRA, HSWA, CERCLA, and SARA.
The basis for the Perma-Fix Process is a multi-step procedure for permanent stabilization and solidification of the waste material. A sample of the waste is analyzed to develop a specific treatment formula, and a custom treatment formula for each waste stream is developed to remove hazardous constituents that cause disposal problems. After a custom treatment formula is developed, the Perma-Fix Process is brought to the location to treat the waste near the point of generation. The specially designed, self-contained treatment units can handle both drums and bulk materials. Treated waste is stored on-site until post treatment testing demonstrates that the waste meets treatment standards. This often allows the waste to be classified as "other industrial waste" that can be disposed of in a local special waste landfill rather than in a hazardous waste facility. Subsequently, Perma-Fix will prepare all documentation required under 40 CFR 268.7 (a)(2) and (a)(4) for state or regional review. Completed treatment of each batch is documented with analytical laboratory reports, manifests and a certificate.
The advantages of this process are as follows: 1) By utilizing the on-site Perma-Fix Process, treated hazardous waste disposal options may include non-hazardous disposal facilities, 2) Transportation-related liabilities will be eliminated by pre-transport stabilization since treated waste no longer poses a "spill" hazard, 3) The Perma-Fix Process can eliminate wastes from annual hazardous waste reporting requirements and helps achieve waste minimization targets required under federal regulations, 4) Short and long term liability is reduced and dollar savings are significant, including costs associated with taxes, treatment, transportation and disposal, 5) Perma-Fix provides a variety of services, including site assessments, storage tank services, site remediation, lab packing and full TSD services.
A wide variety of waste streams have been successfully treated using the Perma-Fix Process to render them non-hazardous. These include: blast media from paint removal, caustic cleaners, spent acid sludge, soil contaminated with heavy metals, chromium and cadmium plating sludge, lead chromate sludge, water fall paint booth sludge, glues and inks, non-hazardous and hazardous waste waters, and wastewater filter cake.
C. FY97 Collaboration with Perma-Fix
In FY97, Perma-Fix and Lawrence Livermore National Laboratories initiated a collaborative effort to develop a conceptual design for a process which would be capable of removal and destruction of the organics from a waste stream, followed by immobilization of the resultant liquid or sludge inorganic residue to meet land ban restrictions. A Personnel Exchange [40] was completed which involved the preliminary conceptual design as well as initial experiments on the organics destruction and final disposal of chlorosolvent-contaminated soils.
D. FY98 Collaboration with Perma-Fix
Lawrence Livermore is currently working with Perma-Fix on the development of a CRADA to full transfer this technology to the commercial sector. The potential market for the integration of DCO and Perma-Fix technologies is enormous, and is estimated to be several billion dollars within the DOE sector alone. Both parties have conducted negotiations with the owners of several waste streams to determine a suitable project (such as a treatability study) to measure the effectiveness of these technologies. The waste streams include ones at INEL (TSF-09), Hanford (RL-MW06) and Oak Ridge (waste ID # L25-SSS-1). In addition, LLNL and Perma-Fix have collaborated on the development of two proposals in an effort to secure future funding. [41, 42] Further identification of potential waste streams and funding opportunities is ongoing. Progress Tracking System (PTS) input was provided on a monthly basis to highlight accomplishments and to report schedule and cost variance data. Recommended corrective actions were supplied when project cost and schedule variances exceeded a threshold of +/-10% or $50 K, with a minimum threshold variance of +/-$10 K.
Cost Account Status
All work completed and all accounts closed. See budget information below (Table X) . 
